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A segueéence of laser pulses focussed onto the same 
spot cn a target produces evaporaticn of target 
paterigl and the formaticn of a crater with crater 
depth increasinc from shot to shot. An experimental 
study cf the crater-depth dependence cf the magnetic 
fields generated by the laser produced plasmas has 


keen perfcrnmed . 


Repeated irradiation of an aluminum target with a 


Le a: 
laser pulse of 10 W/cm in a low backcround pressure 
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as 1£00 G and ata rate cf .055 mm/shct excavatec a 
hole nearly 4 mm deep and 2 mm wide at the target 
surface. Cftical micrographs were taken cf the tarcet 
crater surface and or craters sectioned LCL 


examiraticn by a Scanning Electron Micrcscope. 


An independent determination of the 
plasma-electron temperature was cktained from the 


x-ray emissicn continuum cr the plasma. 
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I. INTROCUCTIO 


= a op ee ae SS SS 


‘ 


Since tke discovery of spontaneously generated macnetic 
fields in laséxr preduced plasmas by Korobkin and Serev [18] 
and by Stamper [33] this area of research has become the 
obcect of intersive theoretical and experinental sttdies. 
The interest is due to the possible significance cf these 
fields ir fircposed laser-driven pellet implosion fusicn 


Schemes. 


Ccmputer simulations have indicated the presence of 
megagauss #agnetic fields being generated near the fccal 
spot of Eigh fewer laser produced plasma. Fields cr this 
Magnitude can have a substantial affect cn the trarsport 


Breperties cf laser-fusion plasmas {37}. 


The peossikle isportance of these magnetic fields created 
the need for the systematic surveying cf the magnetic fields 
and particle density profiles , including fressure 
dependence , frcem the laser c¢roduced plasma conducted by 
Menee [{19], Erecks [6] and BPicd {2}. During Birds reséarch 
te noted tke presence of an early rapidly prcfpacating 
Bagnetic signal which was later investigated by Erccks. 
ercecks* analysis indicates that the early flasma signal is 
ccmpcsed cf eéléectrcens and ions with arrival times ranging 
frcm 80-1C0 nsec depending on probe locaticn. While mapring 
these plasta density profiles with a dcutle proce Ercoks 
Gecided tc Etrn a@ crater inte the target and netée any 
anawaicus kehavior ‘frem previous plasma profiles. After 
tiring 5C shcts and excavating a 1 cm deep hole into an 
altninum allcy target Brooks reforted little ckserved change 


in the flasga e€xfansion. From this ckservation E[Ercoks 
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suggested tkat the expansicn dynamics frcem the hcle were 
independent cf the manner in which the plasma reached the 


target surface frcmr the crater. 


Charactéristically the main flasma expands rapidly in 
the radial direction to a diameter of apprcximately 2.4 cn. 
at which point its radial expansion ceases and the flasma 
flume expands symmetrically along the target normal. fTfhis 
behavior suggested the presence of a radial confining force 
Bering cr the expanding plasma. Drouet and Boltcn [13] 
reveal an active participation cf the target in the current 
flcw precess. The ismediate response of the current to the 
MaeeL pulse suggests that the source of the current-magnetic 


field is near the target-plasma interface. 


This investigaticn was undertaken to study the ¢ossible 
depfendence cf the spentaneously generated magnetic fields cn 
the target cratering and to determine if the craterinc has 
any effect cn the radial confining force that produces the 


nected plasma Lehavior. 


ints “thesis as divided into six secticns. Section II 
ccntains tke previceus experimental werk concerninc the 
self-generated magnetic fields. Secticn III presents the 
thecry related to the study of these magnetic fields and 
their pessitle interactions with the target or the ambient 
Fackgrcung flasma. Section IV contains the experizaentai 
arrangement. Section V discusses the data and the resuits 
and Secticn VI gives a summary with ccnclusicns and 


BeecmMendaticns for further research. 
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ii. REVIOUS EXPERIMENTAL WCRK 


The disccvery cf self-generated magnetic fields in laser 
prcocuced piasmas opened an entire new area LOL 
experimentaticn. In particular researchers have keen 
attempting tc analyze the mechanisms by which the iritial 
laser energy ccntained in the beam was ccupled intc the 
target and the resultant streaming plasma. Wegener [35] 
provides tte history of the experiments conducted which led 
to the detailed investigaticns of self-generated macnetic 
fields perfcrmued mcre recently at the Naval Postgraduate 
Sercol. 


McKee [15] urdertook the task to determine the 
dependence cf self-generated wtagnetic fieids on fcsiticn, 
tine, incident laser power and ambient backcround fressure. 
Scgze of the salient features nected were the increase cf the 
macnetic field strength when the backgreund pressure was 
increased , tke fields azimuthal symmetry arcund the target 
ncrmal and tke small reverse magnetic field which cccurred 
after several hundred nanoseccnds. WckKee prepesed a density 
Shell medel tc explain plasma magentic field behavicr. The 
Fressure dependence of seli-generated magnetic fielcs was 
ftrther irvestigated ky Bird [2]. In additicn to magnetic 
pretes , electric dourle probes were used. Eird was not able 
to confirg tte density shell mcdel, no density sheil being 
okserved. The Eressure dependence of the fields was 
theroughly investigated and a new model, detailed in a later 
section, was used to explain plasma behavior . An early 
macnetic signal was otserved Ly Bird and this early signal 
Was investicated ty Brooks [6] and Wegener [35]. Cn the 


EFasis cf Erccks* werk which included, in part, the turning 
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of a crater into an aluminum target with nce apparent change 
in the streaging plasma expansion rfronmpted the research by 
Callahan [7] on plasma plume particle velccities and this 
investigaticn cf crater-depth dependence cf the tmragnetic 
P1eid. 
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Ameo ELI~CGENERATEL MAGNETIC FIELDS 


The pessible presence of induced magnetic fields was 
mutet dedtiiced by Basov {(1] in 1966. While ccnducting 
experiments cn plasma produced Ey a giant laser pulse on a 
eclid tarcet he noted that the decaying plasma emits 
electrons whcse currents reach tens cf amperes and that 


these currents shculd induce a magnetic field. 


wea. StANLEL, K.Papadopuolos, ReNeSucan,S.C Lean, 
F.A.McLeér and J. Sawson [33] attributed the generaticn of 
the ckserved gagnetic fields to thermoelectric currerts. 
These currents were thought to be agscciated with a 
thermcelectric junction formed by the laser focus anc the 


plasma. 


Investication cf the probatle source of these macnetic 
fields, larae non~colinear temperature and density 
gradients, was limited by the interference cf the detecting 
Frceke in tte laser light-plasma interface. A more recent 
experiment Ly B8.G.EFrouvet and R.Bclton [13] cn the currents 
asscciated with these self-generated wtagnetic fields 
circumvented part of this inhibiting limitation. The 
current-flcw, through the plasma-target interface, was 
mcnitcred by a small probe imkedded in a specially desiaqned 
target. Zhe results revealed an active participaticn cf the 
target in tke current-flow process with the existence of 


ancdic anc cathcdic regions. 
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The accepted model for prceduction cf the laser fglasma 
Keguires akscrpticn of the laser energy bry the electren 
fluid. aAssusing a two fluid model of electrens and iors in 
a ccllisicno dcrinated neutral plasma leads tc the 
developmert cf .eguations gcverning the EFroducticr of 
epentanects wagnetic fields as detailed by Stamper [3:] and 
Schwirzke [3C]. Assuming that during the fplasma heating 
phase by the laser the electron temperature is much greater 
than the icn temperature means the electrons respond tc the 
Lerentz forces in a backgrcund of relatively unrespcnsive 
icrs. The equaticn cf motion for the electron fluid is 


given Ly: 
(1) DiONe Ot = -en (Bet V¥..NEB) -VP «+ (en so} j 
é e: e © @ 


where gp is tte electron mass density, V the fluid velocity 
= 
Sreeciecttcns, P the pressure j the current density, and @ 
e 
the electrical conductivity. A scalar electron presstre is 


assumed since tke velocity distribution within the vclume of 
consideraticn is isctropic kased on the electron-electron 
ccliisicr tine which is much smaller than the pulse 
duration. If the electron inertia term is ccnsidered 
insignificant, equation (1) can ke set equal to zere and 
sclyved fer EF which yields : 


(2) F= (j/o) - (V_ XB) - (17en ) VP 
e e é 


The sagretic field equaticn can be cktained Ly taking 
the curl cf €guaticn (2) and combining this result with 


Maxwell's equaticns. Eguation (2) becomes, 
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(3) OB/at = -—(1/o) (VXj) + VX(V XB) + a BE 
€ 


The tere VX¥j can ke manipulated by applying u. j =VXB and 


VeB = O, 


2 
(4) (1/o) XJ = (14 g)T B 


which corstitutes a diffusion tern. 


The seccnd term descrices the convective transfert of 
the magnetic field. The ratic of the convective tera and 
the diffusicr term is the magnetic Reynolds number. Wen it 
is greater than 1 the flow term dominates and the macnetic 
field lines are to some extent frozen in the moving plasma. 
If it is less than 1 the diffusion term is grcre influential 
and the field energy is converted to internal energy threugh 
Jcule heating. This mgeans that the magnetic field is less 


affected by the plasma motion. The diffusion time is the 


2 
decay time cf the magnetic field given by t = Mol where L 


is the eéeverage charactistic length of the flcw end is 
related tc tke Reynolds numter by, 


(3) BE =p oly 
m 0 


The third term VX(1/en )VP is the SOUECE tern 
2 2 
respcensirfle for the generaticn of the Spcrtaneous ragnetic 


fields. Assuring an equation cf state P =n kT this term 
e e ea 
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yields: 
(6) W({lyen )IP = VX((kvye) VT + (kT fen ) Vou ) 
€ € = é - < 


Applicaticn cf the vector identity VX(aE) = VaxXB + a(V¥XB) 
egtaticn(6) simplifies it to, 


(7) S$ =(k/fe) VI X(1/n ) Vn 
e é - 
S denotince the source tera. Cleariy, this shows that 
macnetic field generation results frem non-colinear 


temperature end density gradients. 


The radial temperature gradient and the density gradient 
in the Z-dirécticn may pe approximated to previde an order 
of magnituce estimate of the magnetic irduction near the 
focal spot [30] 


(8) Epa wk /e(t 7 re Vv.) 
eé O12 


where r, is the focal spot radius and V. is the ion 
zi 
expansion velccity in the axial directicn. 


A plasma created by a cylindrically symretric laser Eean 
frcm a flarar target 1S axisymmetric akcut its expansicn 
direction. Figure 1 depicts the gecmetry cf this flasma. 
Density and température gradients can be fcund in Ecth the 
racial ard necrmal directicns. The largest temperature 
gradient will be in the radial directicn due to the laser 
heating cf the plasma. The largest density gradient will be 
alecng tke target normal prceduced from the plasma expansion 
in that direction. This ccmbinaticn of temperature and 


density gradients produce azimuthal magnetic fields. 
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Stamper and Tidman [34] have shown that electrcmacnetic 
field energy can te converted directly tc magnetic field 
energy by radiation fressure. Radiation pressure is defined 
as the time average of the mnomentum flcw tensor fcr the 
electromagnetic field. Radiation pressure prodtces a 
sclenoidal electric field and must be included in eqtvation 
(6) and therefore the source term egquaticn (7). This 
radiation pressure results in a non-thermal source fcr the 


magnetic fields which have been found to fe importart at 


14 2 
intensities above 10 H/co for plasmas produced Ey a 


necdygiua-dcred glass laser. This intensity is several 
orders cf fagnitude above these used in this investication 


and therefore is net included in any analysis considered. 


Be. INTERACTICN WITH AMBIENT PLASMA 


Abscrzpticn cf the laser radiation by the target results 
in the vaporization of material from its surface. This 
vaporized material then continues to aksork laser radiation, 
anc a Lot, dense, ionized plasma results. This 
laser-prcecuced plasma now expands in the axial and radial 
directicrs in an effort to achieve its lcwest fetential 
erergy. As the plasma streams out it begins to couple with 


any ambient plasma present and energy is exchanged. 


Fhotcicrization of the initially neutral backgrcund gas 
ry intense uv emissicn from the high-density laser tlasma is 
a wechanism which can alter the ambient medium intc which 
the plaswée@ expands, so that fplasma-plasma, as well as 
plasma-neutral, interactions can CCCUL between the 


cctnterstréagirg media. 


During his investigaticns of self-generated macnetic 
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fields Mckee {19] used a model developed Fy Dean, McLean, 
Stamper and Griem [15] to explain the interaction between a 
laser plasma and an ambient Fackground plasma. Dean noted an 
expanding luminous interacticn front which had well defined 
tcundries. Tte distance to which the frent expanded was 
fcund tc be a function of the pressure of the ambient 
kackground gas. The dependence of the expansion velccity on 
the bkackcrourd pressure was taken to be an indicaticn cf the 
ccupling cf the twe plasmas. The dynamics of the laser 
plasma were fcund to be in agreement with a strong 
mcrentum-ccurling model, and a collisionless interaction 
mccel was fpreposed. One possible mechanism is the icn-ion 
twc streag instability in the presence cf a wagnetic field. 
The interaction frent was thought of as a snell with 
increased density kecause the background ions are sweft up 
by the lurincus f£frent and reach apprcximately the velccity 
of the frent. 


Wrigkt [23€] challenged the collisicrless amcdel for 
interacticns Eetween interstreaning ions. It was shcwn that 
the results cf the experiments conducted ry Dean, Mclean, 
Stagper and Griem could be explained Ly collisicnal 
prcecesses. The existence of the enhanced density shell was 


Mee Challenced. 


Fird [2]} fceund no evidence of the density shell in his 
investigaticn. To explain the interacticn and the field 
Teversal Bitd used the model proposed by Kccpman [17] This 
macel of multi-Coulomb collisions btetween the two plasmas 
assumes that the law cf ccnservation of rcementum cctld be 
applied tc ccmpute the velocity of the ccmktined laser and 
Eackground flasma frem their initial spatial and velocity 
distributicns. A shell-like interaction regicn was assuned 
to contain the ghetcionized plasma sass swept up ty the 
stell and a fracticn of the laser-produced plasma as it 


expands frcem tke origin. 
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An interaction front has been detected and studied. It 
decelerates with a dependence on the background density. 
This deceleration seemed time dependent in a ranner 
ceonsistent with a momentum coupling between the laser flasma 
ancé the ambient plasma. Thus the ionized fraction cf the 
Eackground rlasma was swept up by the leading edge cf the 
expandine laser plasma. Increased masS in the streaming 
flasma means that the expansion velocity must decrease if 


tke law cf ccnservation of momentum is to hold. 


Bard's mcdel assumes that a large portion cf the 
Kinetic é€rercy of the ambient flasma icns 1s converted to 
thermal enercy. This cccurs when the ambient plasma icrs are 
captured Within the interaction region. The Fossible 
mechanisxa t£cr the keating is ion viscous fcrces. Due tc the 
deceleration cr pilje~up of the laser plasma behinc the 
intéracticn region there will be streng viscous heating 


tkere aléc. 


Pird aisc assumed that the ambient plasma electrons 
undergo ccmpressional heating in the interacticn region 
during tke early stages of the plasma expansion. The heating 
which causés the eproducticn of the large axial ion 
temperature gradient is assumed to be transmitted tc the 


electrons by electren-ion collisions. 


Bee FLAS#A A-RAY ERMISSICH 


The energy aksorbed by tke target is fartiticnedé in a 
Weaemety Cf £crfis,i.e€., magnetic field, fluid potential and 
kinetic, icn and electron thermal,ion internal and radiation 
field energies. Afproximately 15% of the incident energy is 
emitted fren the plasma in the form cf continuum radiation 


ames the Characteristic spectral lines cf the target 





Ea@iletes witmonhiy 1cnized States. Most cf£ this radiant energy 
has short wavelength , less than 100 Angstrcus , placirg it 
in the scft x-ray range [29] . Soft x-rayS with low 
penetrative power fall into the energy band cf about 100eV 
tc akout i10keV. 


The ccrtinuum portion of the x~ray emissicn may Fe used 
for determination cf plasma electron temperatures and 
anamalous Teating effects. The dependence cf high-energy 
X-ray emission cut-off on temperature allcws determiration 
cf the high-energy continuum wavelength distributior and 
therefore a sensitive measurement cf the plasma electron 
temperattre [15] . Extensive research and detail of flasma 
X-Lay ewxissicn frecesseS 1S contained in the intrcducticn 
and thecry c£ Skewchuk's [31] thesis which presents the 
first effcerts of the Naval Pcstgraduate Schccl to determine 
the plasua electron temperature of a laser froduced flasma 


frem x-ray enissicn. 


The wethcd employed in this research was to measure the 
relative transmissicn througno two Beryllium atsorrption 
filters cf differert thickness. Absolute intensities of 
ccrtinuum radiaticn depend directly on flasma densities, 
however tke spectral distributicn depends cn temperature in 


an exponential form as in equation (9) , 
(9) I(E) = I, exp {-E/kT } 
& 


where F is tke x-ray photon energy {4} . The intensity drops 


cf£ sharsly whenever the condition E>>kT is met. Fcpewrain 
& 


electron teaperature of 100 eV and x-rays ir the range cf 1 


-5 
keV the intersity is reduced to 4.5 X 10 I: 





The relative intensity wethod utilizes this x-ray 
exponential distrikution by placing an abserftion filter in 
erent cf the X-Cay continuum detector. Frog end 
measurements with these absorption filters the electron 
temperature is determined from the slecpe of the x-ray 
continuunz , when no spectral lines are resent ir the 
wavelengtt regicn and an exponential decay cf the ccntinuun 


1s expected. 


Experimental ratios oktained by this rather simple 
ccifariscr technique are applied te curves determined fron 
extensive neméerically solved ccmputer flots for a range of 
fcil thicknesses, various foil materials and several 
electron tepperatures -[16,22,23] . Shewchuk [317] in his 
developmerctal research on x-ray detection has develcped 
graphs frem these ccmputer sclutions fcr the aksorption 
filters (fciis) used at Naval Fostgraduate School. Utilizing 
these graphs , and observing the precautions fcr their 
agpplicaticn a reéeascnable electron temperature may be 


SrEtained. 


This electrcen temperature way change in time ard cnly 
apply tc a fracticn of the flasma beinc studied if the 
distribution cf the particles is non-Maxwellian [26]. Since 
the size of the plasma produced in this study was ne larger 
than several millineters the value cbhtained was ccnsidered 


rerresentative of the entire plasma. 


The validity of using the electron temperature to 
represent tke fléesma temperature and tne entire plasma can 
be seen Fy ccnsidering the egquilikraticn time for transfer 


of aksorred energy frcm electrcns to icns [27}. 


3 
(10) Ges —252 AL fan Z An Lambda 
e = 





where Ir Lasbda ( the Coulomb logarithms ) is a furction 
which, fcr wide ranges of plasma parameters, is of the order 


of magnitude cf 10, A is the atomic weight of the icns, the 


-3 
electren density n is incm , zis the icnic charge and T 
= 


is the plasma temperature in degrees Kelvin. For an aluninun 


Flasma (A=27,Z=3) with an electrecn temperature of 1.16 i 
é 21 =- 3 
10 K , OX €guivalently 100e€V, and a density of 10 cn - 


eguilikbkraticr time is 


a1t 
fee KO SEC 
€ 


which is smaller tran the scale time of the Nd laser pulse 
t = 25 nsec. Since t <<t the electrons can effectively 
E Pp 2 


transfer akscrkred energy to the ions during the fulses 


justifying ktcth previcus assumptions. 
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iV. XPERIMENTAL ARRANGEMENT 


a a Se ee —— oe a ee ee ee ee ae ee Se oe 


Be LASES 


The laser used in this investigation was a Korad k-1500 
Q-switched recdytium-doped glass laser system. The system 
ccnsists cf an oscillator laser (K-1) which generates the 
initial 25 nsec (full width at half power) pulse tkrceugh 
Q-switchiro Ey a Peckels cell. The cutput FEeam is then 
expanded ty the expansion cptics from the 1.27 cm diameter 
of the oscillatcr rod to the 1.94 cm diameter of the laser 
amplifier xrcec. The amplifier (K-2) amplifies the energy of 
the pulse. The arrangement of the laser system ccmpcnents 
is shewn in Figure 2. The output of the laser system can he 
ceontrcellec Ey variation of the voltage applied tc the 
flashlamzs cf the Nd csciliatcr and in the laser amplifier. 
The range of cktainable energies is 3.5 tc 13 Joules. The 
duraticn cf the laser pulse is 25 nsec which gives a range 
cf cutput pewers from 140 to 520 MW. The laser focal spot 
size radius iS approximately .15 mm which gives a power 


11 2 
@emsity cf 3.$6 x 10 W/cm for the energy cf 7 Jcules. 


A more detailed description cf the laser system is given 
Beevavis* Tkesis {11}. 


Eee LASER MCRIICRIAG TECHNIQUES 
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In crder to diagnose the laser Eeéam a Kcerac K-D1 
phetcdioce was used. Approximately 4% cf the team is 
reilected Ey a glass slide used as a beam splitter te a MgO 
diffusor blilcck. The reflection from the blcck is nmcnitored 
by the K-£1 phctodiode after passing through a 0.1% neutral 
density filter. The photodiode provides twe signals, ocne 
prcperticnal to the pulse power, the cther proportional to 
the laser pulse energy. The photodiode energy signal was 
calikrated tsing a Korad kK-J3 Laser Calorimeter. The 
calcrimeter was used to provide an absolute measure of the 
incident laser pulse energy against which the vcltage 
reading cr tke Tektrcnix 564 b storage oscillcscope, which 


was used tc display the energy signal, could be caiikrated. 


The fpcower cutput Signal was used to trigger a Tektrenix 
79C4% oscillcscope. The energy output was mcnitored cn every 
Shcet. The pulse width which was more reliartle was ckecked 


before anc after each series cf measurements. 


C. VACUUM CEAMBER 


The taraqet used was a .63 cm thick disk of aluBinun 
allcy plate. fhe target diameter was 5.08 cm and the target 
cculd bre retéeted as desired. 


The tarceét was located in a vacuun chamber as shcwn by 
Figure 3. The chamkter allows diagnosis of the laser preduced 
Elasma ky cpetical means cr With probes. The laser kLeam 


entered tte chamber by port 1 after passing through a 33 cm 


0 
focal lereth lens. Angle of incidence on the target was 30 


nctmally rut cculd be varied depending on angle desired. 
The radial distances of interest extended dcwn to 3 mia fron 


the end cf the focal spct and probe damage at this Ilccation 





is ccnsicéerakle. fFrobe tip erosicn was cicsely observed and 
the probe was rctated between runs tc sginimize damage. 
Eringing the laser beam in at an angle results in an early 
expansion cf tke plasma in the directicn of the reflected 
laser beam [2]. The main plasma however expands in the 


directicn of the target normal. 


~ 6 
The ckramrer could be pumred to a vacuum cf 5 X 10 Torr 


(air) by an cil diffusion pump. Fer experinents reqtiring 
an ambient kLackgrcund for the laser preduced plasua the 
selected cas cculd be admitted to the chamber. Vacuua 
FIEessures lewer than 10 mTorr were measured with arn 
icnrization cauge, Higher pressures had to ke measured by 
means cf a thermccouple gauge, which was calibrated to the 
icnizaticn gauce wken the transition from cnée to the cther 


was made. 


ee LEMPCEAL FEFERENCE 


The cpticai path lengths LFetween the beam splitter and 
the phetcdicde and the beam splitter and the target are the 
sane, therefcre the time sequence is determined Fy the 
lergths cf the coaxial cakles connecting the compecrents. 
Fach cable used was tested on a Tetronix 519 oscillcscope 
ard the cakle induced delay determined from the signal 
transit time crtairned from the score. 


Iwo separate reference frames for timing of the pulse 
were calculatec, ore for use with cnly the magnetic probe 
and a sé€ccrd fcr use with both the magnetic probe ard the 
Fhotodiogde x-ray detectors. The ccaxiai cable (RG S€&)  frem 
the phctcdicade tc the oscilloscope was longer than the 


ccaxial cakle (RG 174) from the prebe to the oscillicsccpe. 
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Ice was determined that the probe signal reachec the 
cecillcesccpe 4 nsec ahead of the Scope tridqger signal, when 
cnly the agagnetic probe was used. The additicn cf the 
Ehetcdiodes reguired a Separate scope (Tetrcnix 7/04) and a 
resultant time delay of 16 nsec due to the additional cable 
lergth. Figure 2 indicates the component arrangement. Zero 
tine was estaklished as that time at which the leadinc edge 
of the laser pulse strikes the target. The hcrizontal drift 
was checkec intermittently and was ckserved to be 
negligikie. A plot of the laser fpulse, fphetcdiode signal 
and the magnetic field from the first shct are reprccuced in 
Figure 10 fcr visual compariscn. The peak cf the phctcdiode 
Sicnal was net okserved to change as did the peak macnetic 
field. 


fer FEXOTCLICLES 


Two Cuantrad C&O PIN 75 double diffused silicon detector 
phetcdicdes were used to detect the x-ray emission frea the 
lager Epreduced flasma and from this obtain an independent 
determinaticn cf the plasma temperature. FIN photociodes 
ccnsist of an entrance window dead layer of .3 to 1 micrens, 
an active (depleticn) layer of 75 to 500 microns eénd a 
pesitive siliccn layer. X-rays penetrating the akscrertion 
filters é_nd tte dead layer reduce a current , by the 
phetcvcltaic effect [28] ,propertional tc the magnitude of 
the plasma x-ray emission, which was measured. Probe 


ccnstructicn and use is covered by Shewchuk [31]. 


These twce prebes were intrceduced into the chamber fron 
port # §€ (Figure 3) on a mounting plate designed suck that 
each photcdicde was centered to receive x-rays fre the 
crater reéegicn or the target. Maintaining a constant -75V 


bias on tke two photodiodes, the resultant signals were 
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Sisultanectsly displayed on the Tetronix 7904 oscillcscope 
with an intrcdyced tine delay between signals. Frcea the 
ratic cf the magnitudes these two signals a flasma 


temperature can be estimated. 


The craphs and technigue to obtain this flasma 
temperature fcr the absorption filters and energies used is 
given in detail by Shewchuk { 31]. 


F. MAGNETIC EBOEE 


Here Censtructicn 


Ike inductive magnetic probes used fcr this 
experiment were mace from # 41 gauge ccpper wire. Several 
prekes were ccnstructed with varicus cross-sections, number 
of coil turns and methods cf feotting. The two cougplete 
pretes utilized fer this experiment were Ecth free-standing 
coils with five turns of #41 gauce copper wire soldered to a 
copper jacketed microcoax as described by R. c. Phillirfs and 
fers Turner [25] . To provide for greater flexibility in 
later expferizents the probe intericr with attached stainless 
steel shieldirg anc brass terminal housing were not fotted 
intc the pyrex class tubes as in previcus experiments. A 
necprene ccnrector with an o-ring fitting was glued tc the 
Ecttcm cf tke brass terminal housing which allowed rotation 
of the prcbe without disturbing the current fesition. This 
guick disccrnect permitted removai cf the inductive coil 
fxrem a bacly camaged (vitted and cracked) pyrex tube irtc a 
new tube which would maintain the vacuum while providirg the 
Erceper irsulaticn from the hot plasma. Figure 4 illustrates 


Beeke constrtcticn. 


(5) 





2. Califration 


Erckre calikration was done by inserting the grcebes 
into a set of carefully wound Helmholtz colle and usinc the 


preccedure cutlined by McLaughlin [ 20]. 


Tre yrcbe response must be linear in the frequency 
range cf interest. The magnetic probes ccnstructed were 


fcund tc ke linear up to a frequency of 25 MHZ (Figure 5). 
3. Signal Integration 


fre respense cf a magnetic probe is an incuced 


vcltage YV which is given by [5] 
E 
(11) Y= nA dB/dt 
E 


where nA is the effective area of the inductive coil and 
dPydt is tke time rate of change of the ccmupenent of the 
Magnetic field parallel tc the tagnetic axis of the ccil. 
For €quaticn (11) to ce valid it has been assumed that the 


Magnetic flux acrcess the face cf the ccil is ccnstant. 


Ic reccrd a signal proportional tc the sagnetic 
field the cutput of the prore must ke integrateé with 
respect tc tine. This was done with a passive RC intearator 


as shcwr ir Figure 6. V represents the induced vcitage in 
the prebe and vO 1s the output voltage of the passive RC 


inteqratcr. 
Since the input is frem a magnetic Eacilse a 
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relaticnsrFip retween us and E can ke developed with cnly two 


unkncwns [5] cne of which is measured. 


(12) V = (nA /R.C.) B 
& ay <1 


The lcowest frequency fY for which the akcve eguaticn is 
considered valid is 2mf Rc210. If this reguirement is 
satisfied equation (11) can ke applied to any signal which 


has a funcamental frequency akrcve fo 


Frequencies encountered varied from & MHZ to 12 MHZ 
and the lcwest rise time nected was above 20 nsec. The rise 
tige of tke [rcbe was determined by evaluating tke frobe 
response. The caliktration Signal for the Helgholtz ccils was 
Sinuscidal arc a rise time equai to one frourth the _ fericd 
was chosén. This resuitsS in a rise time of approximately 10 
nsec which ig sherter than anv rise tizes enccuntered. The 
prcke responses were linear fer all frequencies Ltelcw 25 
MHZ. 


Ie satisfy the frequency restricticn a time constant 
a7 


Oe RC = 2.2 3% 10 sec was used. Then <7 RC = 10.36 
assuming a freguency of 5 MHZ and a time constant of KC = 


a7, 
X 10 sec. The conversicn factor between the magnetic 


(a) 
ad 


field and the cutput of the RC integrator can be obtained 


a 
Prem cquaticn (12). For a time censtant of FC = 3.3 xXTI¢ 


' = & < 
sec and ar effective area nA = 5.67 X 10 m then 


dad 
_— 





E(Gaussj = .58 V{millivolts]. 
This ccnversicn factor was recomputed each time a different 


prceke or time ccnstant was used. 


4. Beliakility 


Ic irstre uweaningful data several steps were taken 
tc evaluate €ach probe constructed. Several sSnots were taxen 
with the greté in place but with the laser pulse tliccked. 
Since nc wmaqnetic field was generated the trace cn the 
oscillcsccre represented electrostatic pick-up. The largest 
electrestatic ncise obtained was less than 10 mV. Tkis is 
relatively small compared to the fpulses measured and 
therefcre no effert was made to elininate it. This check 
Was repeated every 25 shots tc mcnitor the effect cf any 


extraneous sicrals. 


Q 
After recording a signal the prebe was rotated 180 


and a sécecrd reading was taken. The two signals were then 
ccmpared with respect to their magnitude and time cf feak 
Signal. Ectt signals provided the same values and the probe 


was considered nearly Symmetric about the magnetic axis. 


Gee EXPEFINENTAL METHCDS 


All measurements taken in this research were made in an 
effcert tc determine if the présence of a crater inflvenced 
the mechanism for generation of spontanecus ragnetic fields. 


The probe lccations which offered the best indicaticn of 


Q 
crater effect lay along the Z= 1 mn, @= 0 # £radial lire for 
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several reascns. Along this line the crater wall and laser 
beam were farallel to each other and perpendicular to the 


radial lire cn which the proke was located. The only other 
Oo 
radial line fer which this was true was @= 180 which was 


inaccessitle with the probes ccnstructed. Trends noted from 
these lccaticns could be cecmpared with similar foirts of 


previous researchers. 


The sgagretic srote was inserted through the port cn tof 
of the vacuun chamber and positioned in sucao a way that the 
Magnetic axis ot the coil was parailel to the azigruthal 
mMacnetic field lires. This location was carefully measured 
With respect te the focal spot of the He-Ne alignment laser. 
Radial distarces from this focal spot varied fron 3 mm tc 7 
iM. All Magnetic probe Ilccations were identified by 


cylindrical cc-crdinates placed in brackets. The locaticn r= 


Oo ? 
S mm, @= 90 and Z= 2 mm would be (5,90,2). The 


Crientaticn cf the co-ordinate system with respect tc the 


target anc tre incident laser pulse is depicted in Figtre 7. 


EXaminaticn of the initial trial runs indicated that the 
Cata fcllcwed a ccnsistent pattern which did net change 
appreciatly after 25 shots. Data runs were limited to 50 
shets cr less and the three preferred frobe lccations 
Selected were (3,0,1.5), (4, Opsieeeand (7,0,1). A  emanef 
analysis indicated that the probe Ilccaticon was the most 
sensitive parameter because the radius cbhtained was used to 
extrapolate the magnetic field pack to the edge of the laser 
fecal spect. Crater dimension analysis follcwed each data 
TU) 


The first traces of the time rate of change of the 
Magnetic field were analyzed to determine the frecuency 


range of tke signal and thus select a compatible integration 





time constant. Fcur typical dB/dt signals were traced fron 
the pelcrcid pictures to show the tempcral change ci the 
pulse (Figure 8). Graphical -integraticn of this signal 


shewed that re freguencies below 5 MHZ were to be expected 


in the tigre frame of interest. A time ccnstant cf 3.3 Xx 


=7 
1€ sec was ccnstructed for the passive RC integratcr. 


The addition cf x-ray sensitive photodicdes previced an 
independert neans ct determining the plasma temperature. As 
lcng as tke gagnetic frobe did not obscure the field of view 
of the phctccicde detectors the two types cf prokées were 
ccmpatible ard provided an excellent dual measurement cf the 
plasma. Ike estimated plasma temperature was cbtained from 
ccuputer presgrams developed by Shewchuk [31]. The ratics of 
the magnitudes are weighted, averaged then read into a 
ccaputer frecram thich then applies an iteration precess to 
interpolated CULVES. Tne estimated ceneral plasma 
temperature cf 16ZeV¥ was generated with an accuracy cf acout 
10%. LThis value was considered characteristic of the éntire 
rlasma ancé was usé€d to estimate the magnetic field intensity 


anc fccal spect radius from theoretical models. 


After ccapleting a data run the target crater was 
phetcgrarhec cn a Fkench swetailcgrarh using a magnification 
cf 100. This methed of measuring the crater was also 
considered tc previde the best estimate of the focal spot 
size of the laser heam. A Superimposed scale photcgrarhed 
with the crater allowed measurement to within .001 cm. Due 
tc the randcn error inherent in picking the crater edge at 
this macrificaticn numerous vaiues were statistically 


averaged tc cktain ar cptimal radivs. 


meme LALA CCILECTICN ERROR ESTIMATES 
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Ike wagnetic probe was introduced through the tcp of 
the vacuum chamber and the pcsition of the prebe was 
determined Ey means of a grid placed behind the prete. The 
radial and axial distances could then te reasured to within 
ame accuracy cf .5 Hl. This measurement was the most 
critical tecause any error was compoundec when the magnetic 


field was extrapolated pack to the focal spot. 
2. Ie¢mEcra 


Magnetic rebe signals were measured with 2 time 
scale of £C nsec allowing interpretaticn of the results to 
Mtnin & nsec. The photodiode pulse was 18 nsec FWEM and 
was measured cn the 20 nsec scale providing an accuracy to 


within 2 reeéec. 


The vertical scales used for the magnetic prebe and 
the phctcdicde detector were 500 mV and 20 mV respectively. 
Plexiglass overlay grids were used to interfeclate values to 


pemry and Zz nV fxrcm poloroid photos of the signal trace. 


3. Eroke Ferturbations 


—_— <P <P a oD = oP ee ee eee cee ce cee ee eee ee ee oo 


Tke probe outside diameters were initially z.1 om 
for probe 1 and 3 um for probe 2, both values expanding to 
2-5 GM and 3.2 mm respectively after coating the tif with 
adhesive cemert to prevent leakage and retard probe damage. 
Prckes cf this size can cause disturbances in the flasma 
which can lead to incorrect results. Initial weak maanetic 


perturbaticns were attributed to this but the remainéer of 
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the signal is ccnsidered relatively unaffected. The emphasis 
was placed cn evaluating the relative value between shots 
which skculd net Ere influenced as much ty probe induced 


perturbkaticrs. 





VoD ATA AND RESULTS 


The data presented in this section are discuss¢e¢ and 
analyzed; estimates of pertinent plasma farameters are 
included where appropiate. General trends and observations 
cof all data ccllected are discussed pricr to examinining 
data fren three selected probe locations. Analysis cf this 
cata is tken presented and reviewed in ccnsideration with 


previcusly freprosed plasma magnetic models. 


Meee CESERVAITICNS 


Several characteristic trends were prcegninent threughout 
all the experimental runs totalling over 400 shots on 
several aluninum targets. Regardless of the radial position 
of the incuctive probe the magnetic field strength decreased 
With cack additicnal shot on the target. This tyre of 
behavior was initially suspected prior to taking any data. 
An unexpected cbhservation was that the magnetic field 
genéeraticn wechanism appears tc have two distinct fhases. 
Tre first few shots produced much stronger magnetic field 


strengths with a shct-tce-shot decrease of the peak ragnetic 


field sicnal, £E  , whose slope was an order of magritude 
max 
greater tkan tke shot-tc-shot decrease of E £CE Slater 
max 
shots. Ic characterize these two phases the steeper E 
max 


slcpe was called the "early shct™" phase because it occurred 


While tke target crater was relatively shallow. The more 
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gradual E£ slepe, cbhservered as the depth cf the crater 
tax 


kase penetrated kLeyond tne direct line cf sight frcm the 


inéuctive ccil, was named the "late shet" phase. The 
juncture ci these two phases, called the transition foint of 
the two stage mechanism, exhibited a shift tcward lower shot 
numbers as the radial distance of the robe location 


increased. Attendent with the decrease in ¢£ {note scale 
max 


change) fren shot~to-shot was an increase in the time cf 

arrival cf ttat peak intensity, Ee meand Of Jthe agcrpaval 

time cf the subseguent magnetic field reversal. Ficure 9 

illustrates tte decrease in ae for three different shot 
I 


numbers at the frebe positicn (4,0,1). Twe minor features 


of this flct are the delay in the onset of the main flasma 
Signal as the crater depth increased and the small early 
tite signal (ETS) located just before the onset of the tain 


piasma sicnal. 


X-ray ¢é€missicn fron the target plasna retained 
Memeitestert thrceughcut the crater excavaticn. In eack case 
the peak x-ray ewission from the plasma ccrresponded to a 
ccrstant ( within precisicn of measurement ) electron 
temperature independent of the crater depth. Figure 10 
depicts tre nearly simultaneous arrival of the veak values 
ef the laser fulse and the photodiode signal both follewed 
py the later arrival of the magnetic field signal registered 


at the prcete lecated 4 mm £recm the crater. The radial 


¢ 
e€xpansior velccity cf the peak is 1.14 X 10 cm/sec. 


Bee CHATEF CLIXSENSICNS 
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Meaningful analysis of the data collected requires 
detailed kncwledge of the. craters excavated durinra the 
investigaticr. Time measurements must be adjusted fcr the 
increase in fath length caused by increased crater depth and 
all plasga ragnetic field models proposed are dependert on 
the size cf tke laser focal srct. Dimensional crater strveys 
were ccndtcted with a bench metallograph and a Scanning 
Electron Micresccpe (SEM). SEM micrcgraphs were taken for 
all craters thick could ke properly sectioned £OL 
€xaninaticn. These micrographs provide the most accurate 
methcd fcr measuring crater dimensicns and estimating upper 


and lcwer Ectnds cf the focal spect size. 


Figures 11 and 12 are optical micrcgraphs of the craters 
feorwed after firirg cne shot, eleven shots, forty shots and 
cf the crater eplash zone after several shots. Tae 
azimuthal wavelike pattern in Figure 12(£) appears to Le 
depesits cf aclten target material splashed abcut the crater 
perimeter. The radial extent of this material measurec from 
tke micrecrarph cf Figure 11j{r) was abaut .560 aoa. After 
several shcts a distinct ridge of deposited material had 
formed at tke créters edge, Figure 12(a). The reégicns 
okserved GERLCEN ( tO the GELAtOL, stlash zcne and 
Filasma-affected area noted by earlier investigatcrs. 
LTiameters ct the crater entrance measured after one shct had 
an averace width cf .320 mm. This value is slightly larger 
than the .2z€Q mz reported by Bleach and Nagel [3] fcr a 
Slailar irraciance. Continued crater excavation uf to 65 
sacts cr the sare location preduced progressively larger 
radii at the crater mouth with the crater throat and tase 
remaining frarrcewer. The rate cf crater mouth expansicn was 
Oktained frca a graph cf crater radius versts shot rumber 
{see Figtre 13) yielding a slope of .014 mm per shot. The 
crater base cGiameter did not change significantly fron 


shct-tc-skct and ait typically had a shiny hemispherical 





Neaqube or tarcet material at its’ center. 


Cross~séecticns cf the craters were examired with the SEM 
tc provide dimensicns of depth, width and fcr inspecticn of 
Significant crater features. Figure 14(a) is a SEM 


Micrcgrarh cf the crater formed in an aluminum target after 


12 2 
8 ccnsecutive shets of 10 Wycem each. Figure 14(£) is a 


crater after 30 shcts , Figure 15(a) and 15(t) show crater 
penetraticn depth following 61 and 65 shcts respectively. 
Frcm these figures it appears that once the laser is 


striking tke crater wall at normal incidence a smaller hole 


is é€xcavatedc. The diameter cf the crater mouth (d), 
0 
Giameter cf the crater tunroat Goa diameter base ee and 


the crater depth (d) for various numbers of shots are listed 


in Table I. Figure 16 shows how these measurements were 


oktained. 


PaSEE 1 


CRATER DIMENSIONS 


12 2 
10 W/cm fer shot 


stots G (ua) d (mm) d (mm) d (mm) 
D c b 

oad 472 s30.0 2164 

10 1.452 12056 ~660 Zio 

€1 Zag 63 Tea onll2 2652 72 010 

ee Sagi? 2ato6 6 3520 


The best estimate cf the crater excavaticn rate determined 
frco the average rate of all craters inspected is 0.055 
mo/shot. This excavation rate and the dimensions listed in 


Takle I were used whenever possible On varicus 


4Q 





calculaticns. 


Fer @ ccaparsicn of the laser focal spot size and the 
orserved crater radius the spot size must ke determinec. The 


iaeht intersity is 


2 
(13) =F (Et .) 
Pe 


where F is tke laser team energy, r the fccal spot radius 


anc t tke puise duration. For a carbon target irradiated by 
F 


a ruby laser Mulser [21] graphically provides, Figure 17 , a 
ccenversicn fron flasma electron temperature tc light 
intensity for which the 140 eV measured by the x-ray 


Ehetcdicde cetectors used in this investigation eguates to 


i 2 
an irradiance cf 10 W/cm . ASSUMing a laser energy ci 8 
12 2 

joules, team irtensity of 10 W/cm anda pulse length cf t 

Pp 
= <& nsec tte estimate for the focal spot size diameter is 
~z00 mm which as in rather gcod agreement with the 
Bemepacclaticr cz Kk back tc shot 1 of Figure 13. For the 

r 
12 2 


intensities used in this research (1C Wycm ) K.G. Whitney 


and J. Davis [26] show that carbcen and aluminum have sSinilar 


ccnversiocn efficiencies for laser to x-ray energies allcwing 
this apprcxingaticn. Inspecticscn shows that the crater width 
at the tarcet surface after 1 shot is generally twice as 
large as the ccmputed focal spet size width in agreement 
with Eleack and Nacei [3]. 


Oe SELECIELC CATA 
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1. Erobe Fositicn (3,0,1.5) 


Mecaticn  (3,0,1.5) provided the largest magnetic 
fields registered in this investigation. A peak macnetic 


field of cver 1500 G was observed in a background of air at 


5 
2x. 10 Tcrr, a pressure well into the pressure independent 


region. Tre first few shots on the target preduced magnetic 
fields which were double the magnitude of the macnetic 
fields ckserved from later shots. Figure 18 flots the 
Magnetic field strength measured at the proke as functicn of 
shot numker revealing two separate decreasing shct-tc-shot 


sicres ter E - Phe se PebesnOt stOrpe pricr 206 Shet 10,in 
bax max 


the early shct phase, is greater than the slope ckserved 
during tke late sShct phase. These separate shot-tc-shot 
slefes repeat themselves in other data runs and seem 
characteristic of all magnetic fields generated from target 
craters. Ncecte the location of the transiticr point fer these 


tuc phases. 


Cne weuld expect that if the shet-tce-shot decrease 


cf 3B waS attributed solely to the gragnetic field 
max 


diffusior, due tc the additicnal time required for & Ee 
rax 


expand frcm a deeper crater, that the slope weculd be 


Senpetant frem shct 1 to shot 60. Since this is net true 
there must Fe an alternative explanaticn fcr the crder of 
Magnitude differerce of the twe slopes. The loss cf the 
direct expansicn path fron the crater base tc the inductive 
Frcke is a Eessible reason. This transiticn from a steeper 
to a more gradual silcpe is analyzed and discussed in the 


mezt secticr. 


42 





A quartz tube was utilized instead cf pyrex in an 
effcrt tc oktain readings at the 3 mm radiai distance and to 
reduce prcke camage. Despite this effort extensive frore tip 
camage was incurred after 40 shots. & pin-hcie teak 
developed in the tube near the inductive coil which reguired 
applicaticn cf adhesive cement. This increased the frcoke tip 
diameter which precluded returning the frekre to the same 
lccation without cbhstructing the laser keéeam and causing 


Significart disruption of the plasma. 


Pee ErObe Position (4,0,1) 


=—_ a eee ae a om om ae ce see ee ee 


Numerous data collection runs were ccnducted at or 
near lccaticn (4,0,1). Probe damage at this locaticn was 
Bons:decredc girinal cecmpared to (3,0,1.5) and the field of 
view for the x-ray photodiode detectors was clear permitting 
their use. Fer the runs conducted at this lccation a flasma 


temperature measured Simultaneously with the magnetic field 


-5 
was ottained. The background fressure was 1¢ ikeyig 1 6 


Figures 19 and 20 show Similar magnetic fieids 
measured at the 4 mm radial distance. Higher magnetic fields 
were cbhserved at (4,320,1) than at (4,0,1) due to the 
increased agcunt of energy of the laser beam in the first 
Tun. This difference in laser beam energy was also reflected 
in the plasma electron temperature which was 1740 eéV at 
feeoe0,?t) and 90 eV at (4,0,1). (It is suspected that the 
90 eV observed in the last run iS an under estinate tecause 
new aktscrker feils were used for that data run ard the 
flasma electrcn temperature ccmputed was the lowest value of 


the 40 measurements conducted under Similar conditicns) 


Tke twe decreasing 8B slopes are arprarent in these 
max 
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plete, enhchkeveL, the transition point has shifted left to the 


meea Cr sbct number 5. 


2. Erokre Position (7,0,1) 


> ae a ae ae eS a a ee ae SE ae 


The probe location (7,0,1) was the dJlargest radial 


Gectance at which data was collected. In a backecrceund of 


=~ 


mac Ok UTC Torr, a smaller magnetic field of 92 € was 


recorded as depicted in Figure 21. The magnetic fields here 
were lower tkan fields observed closer to the focal epct yet 
mcre ncticakle was the near absence of the characteristic 
twce phase wechanism . It appears from the gentle slcre of 
the data tkat the early shcet phase has vanished. The 
energies cf the second and fourth shots of this experirental 
run were 1.5 times larger than the energy cf the first shot. 


This increased energy caused higher 3B values at shot two 
max 


and shot ftcur which suggests that the early shot fhase is 


absent in Figure Be Interpretation Ct the 
energy-ncrmalized magnetic field strengths for this probe 
lccaticn shcvs a weak early shot phase. 


BD. CVATA ANAITYSIS 


The régnetic field measurements collected were all taken 
in the presstre inderendent regicn belcw 1 mTorr. This means 
that the relationship between magnetic field intensity and 
the intersity of the laser beam is functionelly dependent on 
the ccnversicn efficiency of laser to magnetic field erergy. 
To determine the effect of the crater on magnetic field 
céreraticn the magnetic field intensity cbserved at the 


prote was divided ty the energy cf the laser tc remove 


yd 


energy dependent fluctuaticns. This energy-ncrmalized 


+ 
magnetic field strength, B iieunits or Gauscs/Joule, allows 
max 


ccupariscn cf the twagnetic fields preduced by different 


amcunts cf erergy which was necessary in this investigaticn. 


Tf the fermaticn of a crater has any influerce on 


macnetic field generation then a eet of the 
x 

energy-ncecrszalized B as function of shct number shculd 
max 


graphically illustrate the effect. For 4 different frobe 


x 


GEE alcng tae crcinate 
max 


lecations Figures 22-25 are riot 


" 


and shct rnumker alecng the abcissa for the magnetic fields 


ckeerved. Scme of the B fluctuaticns due tc the 
max 


differences in laser power were removed as desired. Tke two 


phases described earlier are apparent and each phase 
decreases ir a linear fashion with each successive shot 
nurber. Ic ccnfirgr this , linear regression analysis cf the 
cata ccntained in the 4 Figures was performed on a HE-9810 


ccmputer. The results of this analysis were tabulated for 


each plcot ana are presented in Table II fcr ccmparsion. An 
x 

order of magnitude increase in the B Slope can be s¢€en in 
max 


each case where twe slopes were calculated. For each set of 


Gata points chosen a linear ccrrelaticn factor was computed 
frem the kest linear fit. This correlaticn factor iS an 
indicaticn cf how well the data may be represented hy a 
Straight line . Table II shows that the correlation factor 
was always greater than .83 and generally arcund .90 


ccnfirmirg that the linear approximation was valid. Fer the 
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Pecte spesiticn (7,0, 1) the early shot correlation factor is 
tisleading as it was obtained Ly inspection cf Figure 2z5 and 
was computed using the first two points with a resultant 
ideal fit. Thus this early shot slope and correlaticn 
factor are subject toa different interpretation frcm the 
Gtapfhical pict. Ar exponential fit was tested and discarded 
because tke estirated values were too high, partictlarly 
néar the trarsitior region from the early shct phase tc the 
late shct fhase. More elaborate expcnential distributions 
were not ccrsidered due to the consistency cf the 
correlaticn factor. The best linear fit is cverplotted on 


Figures 2z2~25. 


pee ee, PT 


LINFAR REGRESSION RESULTS 


hecaticr Slope [{G/J]} correlaticn 

s early late early late 
(ome; 1.5) tl SeeetlnG -.47 oo Sole 
(ies O 5 1) “5.54 eres a5 so4 
(4,C,1) eee) -.77 . 96 pa 
(eC, 1) Seta -.81 1.0 ahs 


A seccndary result noted from these linear fits is a 
meptcr estimate cf the transition roint and the shift of 


that pcint tc Ilcwer shot numbers as the radial distance 


increased. Several factors contrikute to the slope cf E 
max 


meer shcot-tc-skot. The increase in crater depth causes an 
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an inverse-square decrease fer shot at 3 mm radius cf 4k. 
For ten stots this predicts a value cf 1100 G at the 1¢€ shot 
Ecirt of Figere 1&, compared with the measured 625 G. This 
shews that tke inverse square magnetic field loss cannot 
acccunt fcr tke steepness of the slope nor fcr the charge in 


tke transiticr feirt location. 


The cGiffusicn of the self-generated magnetic fields is 


2 
controlled ry the term (1/ua)¥ B in equaticn (4). Then the 


erferusicr tise is 


2 


Hol 


14 ic 
etd) a 


where L is the average characteristic length cf flow. 
Figure 9 trcvides the informaticn tc determine Ll. The 


e-~folding tine fcr the increase of the magnetic field in 


S 
Figure 9 is =& nsec and the expansion velocity is 1 xX 10 
=3 
mysec making L = 3.5 X 10 mM. For adiakatic expansion cf 
-2/;/3 
tke EFlasma into a vacuum {(T OC V My Vicliowing. laser 
cut-cif, a flasma temperature of 12 eV at r = 4 go was 


determined frcem the 140 eV plasma electrcen temperature 


measured by the x-ray photodicdes. This plasma temperature 


~-& 
results ir a Spitzer resistivity of 1.24 xX 1C Ohm-m erd in 


ccrjuncticn with L yields a diffusion time 


t = 150 nsec 
C 


a time much iIcnger than the time fcr the flasma te travel 


tre additicnal sincle shot distance from a deeper crater. 


Mmet=  Wear= that diffusion does not ccntribute tc the 
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a time auch Ilcnger than the time for the plasma tc travel 
the additicrnal sincle shot distance from a deeper crater. 
This means that diffusion does not ccntribute to the 


decrease cf B from shot-tc-shot. 
tax 


A second g£ore direct difussicn time was calculated from 


the late shct phase values cf B fEQuemlagure 19 “and Irom 
max 


the average shct-to-shot change cf B arrival time. The 
max 


magnetic fielé relation is 
(15) B= Seeeexp{[—t7t } 
0 | 


where t is the tigre dirference between the ckservaticn of BY 


and B. Expressing the exponential as a series expansicn and 
then neglecting the higher crder terms, the diffusicn tine 


can ke expressed as 


(16) t. = t{B /(B -B)}- 


Fer a ten sghcet interval t = 5 nsec and the magnetic field 
Changes frco ag 173 Gate Shet number 10 to 5B = 141 G at 


shet nurker ZO. Substituting these values into €gtation 
(16) gives t = 27 rsec - a diffusion time much less than the 
C 


previcus cre. 


In clcse it apreared to require more shcts to reack the 
transiticn pecint than it did at greater radial distances. 
This transiticn point couid just be determined from the data 
MemeELCkhe Ecsition (7,0,1) implying a possible loss cf the 
mechanisx which gererates the larger.magnetic: fields. The 


icss cf the direct expansion path from the crater to the 
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Zorpeetne hice cf the tkansiticn Eoint te a lower shot 
nugker. Figure 26 is a scaled graphic representaticn cf the 
prectes at their data locations and of the angle subtended by 
tke line cf sight (10S) from the inductive coil tc the 
center-line cf the crater. Probes lcecated at smallez radial 
distances clearly have a better field of view of the flasma 
in the crater and would subsequently measure the rEigher 
macnetic field strengths for a lcnger fericd cf shcts. As 
tre crater deepers the LOS is obstructed and the plasma can 
no lcnger exrard directiy to tne probe. This cut-off wculd 
occur earlier fer greater radial distances causing a shift 
of the place cf LCS cbhstruction te a lower shot nuomker. 
Therefore the gecmetry of the crater and the loss cf LOS 
Peee, the tilaswa cculd acccunt for the shift cf the 


transiticr peint of the two phases. 


The aeckanism causing the sore rapid loss of the 
Magnetic field strength frem sncet~to-shot during the early 
Shct phase cculd pe associated with the loss of LCS also. 
Since the crater gradually chstructs the expansicn [0S of 
the plasma it could reduce an early fast prcepagating front 
as well tkereby increasing the shot-to-shct magnetic field 
loss meéeasurec at the probe. When the crater is deer enough 
sc that nc fast propagating front or cther mechanism can be 
seen Ey tke prebe, then the shct-tc-shct less at the frobe 
Will nct ob€ aS great. The mechanism itself has net teen 
identified Lut the gecmetrical explanation agrees with the 
features cf tke data cbhtained from the flots. 


The early snct fhase then is the probakle combinaticn of 
two mectanisms cre of which is being influenced Ey the 
Crater depth uf te the transition point where it is 
ccepletely cut-cff. From the tilansiticn point on, the 
seccndary meckanis@m continues unaffected by any chance in 
crater dergth, rredtcing a more gradual shct-tc-shot decrease 
cf the macnetic field strength. 
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Crater depth, predtcing a more gradual shot-te-shot decrease 


cf the macnetic field strength. 


The aagretic fields generated at the edge of the fecal 
spet can ce calculated from equation (8). For a radial 
distance cf 4 ma from the focal spot a magnetic field 
strength cf 470 G was measured concurrently with an x-ray 


emission cerresponding to a plasma electrcn temperature of 


7 


140 eV. Assuming u = 10 cm/sec, — 0.2 mm then the 


magnetic field at the edae of the focal spot is €6.4 kG. 


2 
Assuming ccnservation of flux, EB7r = Const. , the 


otservakbkle field at 4 mm should be 166 G, which is lecwer 


than but tke same crdéer of magnitude as the actual field 
measured. This model predicts a magnetic field of 54 G ata 
Tadial distarce of 7 mm compared to the inductive frobe 


meadgimng cI $z G€ at that locaticn . 


Magnetic field measurements Pop rrope EOsition 
(3,0,1.5) were taken prior to the availability of the x-ray 
phetcdicce cetectors and therefore a specific plasma 
EeectrLon téenperature for this data run is not availakle. 


The magnetic fieid measurement ckserved at this locaticn can 


ke scaled rkack tc the focal spect edge by assuming 
Genservaticn cr flux and knowing that diffusion is 
negligitile. For this caiculaticn the focal spot radius was 


cktained by extrapolating the flot of R back to shect 1. on 
m 


dad 


Figure 1 yielding a value c= Q.i11 om. This value is 


considered tc be the lower bound on the focal spot size for 


this investicaticn. DGG —Megnetic Eleld of 1.£4 kG at 
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PEebe ECSIPVEH 


the laser team would be 1.1 MG, a value 


predicted by computer sSimulaticns of laser flasma 


* 
values of B for shct 
max 


Inspection cf the 


different radial distances shows a decrease in 


Tadial distarce increases. In close at 3 


* 
mocicates aE of 
tax 


75 G/J, at 4 mm Figures 23 


25 GyJ and cut at 7 mm Figure 25 has 5 GyJ 


Semrarative ratios of 15:5:1. 


Figure 2Z7 represents the arrival times 


Macnetic field, B , aS a function of the shct 


Dax 


the locaticn {4,0,1). Since the magnetic field 


with the laser produced plasma then the time 


between tte arrival of the peak magnetic signal 


shcet comtinecé with the additicnal rath length 


(J7Gies) the magnetic field at the 


of 


in the range 


edce 


dynamics. 


number 10 at 


mm Figure 22 


and 24 show 


resulting in 


of the peak 


humter for 


is convected 


differential 
EE OMS ECt tO 


traveled by 


the plasua permits analysis of the expansion velocity cf the 


plasma. 


the rate of target excavation 


rcugh deter@ination of the plasma expansion velocity 


the The Oe 


=- 3 
investigaticr was 5.5 X 10 


Sateen i crate target 


arrival tise increases 0.48 


7 
Expansion veiccity in the crater is 1.14 


Dat 


Tke slope computed frcem the data on this grafh 


excavation 


cn/shot and the change 


X¥ 10 cm/sec. 


and 


presented earlier allcw a 


inside 
for this 

in ff 
nax 


nsec/shot, therefore the ;lasma 


This 





is a reasonable result and agrees well with the axial 
expansicn velccities measured outside the target crater. 
This means that the crater does not slow dcwn the plasgza in 


the axial directicn. 


fhe radial expansion velocity at the surface cf the 
target after the first shot was computed frem the arrival 


times of E at different radial distances. B dee tved sat 
max max 


Mieco, i) at t = 90 nsec and at (7,0,1) at t = 120 nsec. 
Na xX. max 


This means that the radial velocity ccemronent of plasma 


7 
expansion is 1X 1C cm/sec and in conjuncticn with the axial 


plasma velccity determined by Callahan [7] shows an 
lsctropic distribution. Callahan did nct observe any change 
in axial veélccity with increased crater depth whereas this 
Gata shows a Fcssible crater depth influence on the radial 
velccity ccupenent. For the same probe lccations as above 
the radial exfansicn velocity was calculated from a crater 


develcpec cry 10 laser shots revealing a slower radial 


6 
Smeansicn cf €.5 X 10 cm/sec, a reduction cf 35%. A rossible 


asymmetric velocity distribution has developed frem the 


EFhysical ccnstriction of the laser piasma by the crater. 


The wass of the ablated aluminum target material was 


determined ty careful measurement of the crater from a SEM 


-3 3 
Micrcgrafk. The cavity examined reveals that 4.13 X 16 cm 
20 
cf Al were excavated which rerresents a total cf 2.5 x 10 
16 
eeecms OL 3.83 X 10 atoms per laser pulse. 
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Viz SUNMARY 


pee CONCLIUSICNS 


The fcrmaticn of a crater Ey repeated irradiaticn cf the 


sane spot influences the measured magnitude cf the macnetic 


fields causead by non-colinear temperature and density 

gradients. Elots reveal that the measured E For a given 
nax 

Frobe fecsiticn is dependent cn crater depth. The 


spentanecrsly generated magnetic fields and the energy 
nermalizec magnetic fields Etoth display a twe phase 
mechanisa as a function of crater depth which have keen 
divided intc the ¢arly shot phase and the late shot fhase. 


Tre early e¢hct phase has a B decrease rer shot whicn is 
ma X 


an crder cf magnitude higher than the decrease of E in 
max 


the late ehct phase. The transition foint reétween tke two 


phases shifts te a lower Shot number on the data plcts for 
an increase in radial distance of the prebe indicating a 
Epessible lcs¢ cf the mechanism which produced the Jlarger 
Magnetic fields. The froposed reason for this phase change 
and tke shift cf the transition point to a lower shct rumker 
1s the lcss cf the direct expansion path of the laser rlasma 


frcem the crater to the magnetic rcrobe. 


Crater depth influence is aliso cbserved in the flasma 
plume racial expansicn velocities determined from the tine 


anc rath differences. The radial expansion velocity 





iv 6 
decreased fren 1X 10 cm/sec to 6.5 xX _ 190 cm/sec as the 


target crater depth increased from 0 tc .55 mm. Since 


Callahan did not okserve any decay in the axial plasma plume 
expansicr velccity , the physical constricticn by the crater 
appears tc preduce an anisotrofic plasma flume velccity 
@rstributicn. The axial velocity appeared to remain the 
same indéerpencent cf the crater depth.This is an indication 
that there may te more axial directivity to the plasma 


exiting frcm a crater. 
Ene PROPQShRIS FG@R CONTINUED RESEARCH 


02S investication has revealed a crater depth 
dependence of the magnetic fields generated in a laser 
flasma rut wmcre detailed expeéerimentaticn is reguired to 
adequately urderstand their generation and fropagaticn. fhe 
acdditicn cf plasma X-ray diagnostics at the Naval 
Pestgradvate Schocl provides an excellent independent 
PemceceMaticn fecurce that 1s ccmpatible with both inductive 
anc Langruir ccuble probes. This diagnestic technique will 
Frovide epatial and temporal measurements with which tic 
interpret sinultaneously collected magnetic field data in 


future plasma research. 


Develcrpment of a larger data pase for crater influenced 


magnetic fields 1s needed fcr radial fpositicns out to 1 ca 


0 0 Cc 
Smomrer aZitttbal fositions of 90, 4180 and) 276°). “in 


ccrjuncticn with this, a variaticn of the angle of incidence 


of the laser pulse is recommended. These results cculd be 


ni 
ccrrelated ard ccmpared EG the findings in this 





investigaticr to ccnfirm and characterize the twe stage 
mechanisr wktich generates the magnetic fields. Fossible 
anisctrcfic velccity distributions could also pe 


investigated. 


It wes apparent during this investigation that the 
passive KC integrator is a useful labor saving tool yet much 
cf the detail present in dB/dt signals is smcothed cver by 
tke integraticn process. The develcpment cf a 
compartmentalized diagncstic computer prcgram ta digest, 
analyze, fit and flot the vcluminous amcunt of data 
cktainable frcem the the three types of probes available 
wceuld accelerate data compilation, retrieval and 


lnterpretaticn at the Naval Postgraduate Schcol. 
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